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ABSTRACT
The Nano-satellite Atmospheric Chemistry Hyperspectral Observation System (NACHOS) is a high-throughput
(f/2.9), high spectral resolution (1.3 nm optical, 0.57 nm sampling) hyperspectral imager covering the 300-500 nm
spectral region with 350 spectral bands. The combined 1.5U instrument payload and 1.5U spacecraft bus comprise a
3U CubeSat. Spectroscopically similar to NASA’s Ozone Monitoring Instrument (OMI), which provides wide-field
coverage at ~20 km spatial resolution, NACHOS offers complementary targeted measurements at far higher spatial
resolution of ~0.4 km/pixel from 500 km altitude over its 15˚ across-track field of view. NACHOS incorporates highly
streamlined onboard gas-retrieval algorithms, alleviating the need to routinely downlink massive hyperspectral data
cubes. This paper discusses the instrument design, requirements leading to it, preliminary results, and science goals,
including monitoring NO2 as a proxy for anthropogenic greenhouse gases, low-level degassing of SO2 and halogen
oxides at pre-eruptive volcanoes, and formaldehyde from wildfires. Aiming for an eventual many-satellite
constellation providing both high spatial resolution and frequent target revisits, the current NACHOS project is
launching two CubeSats, the first already launched to the International Space Station aboard the NG-17 Cygnus
vehicle on February 19, 2022 and awaiting deployment to its final orbit in June, and the second launching June 29,
2022.
INTRODUCTION

scientifically useful trace-gas imaging is one of the most
challenging. Trace gases, by definition, occur at low
concentrations and thus have relatively weak spectral
signatures. One helpful aspect of gas spectra is that they
are typically highly structured, with distinctive patterns
of sharp absorption lines unlike anything found in the
much more gradually varying spectra of ground
materials. But to take advantage of this complex spectral
structure for high-sensitivity gas detection, obviously,
the instrument must be capable of resolving it, making
the spectral resolution requirements for trace gas
detection far more stringent than for other applications
of hyperspectral imaging. Hundreds of spectral bands
typically needed, as opposed to tens of bands for
applications such as vegetation monitoring or geologic
mapping. Achieving the gas detection sensitivities
necessary to address key scientific questions is already
challenging even for traditional large-satellite
instruments for which volume and mass constraints are
relatively relaxed. When designing a miniaturized
hyperspectral imager to conform to CubeSat dimensions,
very little loss of performance can be tolerated – in
optical throughput, signal-to-noise, or spectral resolution
– if scientifically useful observations are to be achieved.

The ability to monitor and map the distribution and
evolution atmospheric trace gases, such as man-made
pollutants, volcanic emissions, and gases produced by
wildfires, agriculture, or natural biological processes, is
important for environmental monitoring, climate
research, and earth science. Perhaps the most powerful
remote sensing technique available for space-based
monitoring of these gases is hyperspectral imaging
(HSI), in which each pixel of the acquired image
contains a complete high-resolution spectrum.
Traditionally, hyperspectral imagers of sufficient
spectral resolution and sensitivity for trace gas imaging
have been heavy and power-hungry, requiring expensive
large-satellite platforms for deployment in space. The
advent of the CubeSat standard for very small satellites,
and the associated low-cost launch opportunities that are
becoming ever more readily available, together with
continuing progress in the miniaturization of electronics
and instrumentation has made it possible for many types
of instrument to transition from large-satellite platforms
to far less expensive CubeSats. Of the various remotesensing technologies being adapted to the tiny CubeSat
form factor, however, a hyperspectral imager capable of
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dimensions 10x10x15 cm3) that provides the basic
infrastructure of power generation, communications, an
attitude determination and control system (ADCS), and
data handling. It is capable of hosting a 1.5U instrument
payload, to produce a 3U (10x10x30 cm3) complete
satellite.

A further challenge of performing trace-gas HSI on a
CubeSat is the intrinsically large size of the raw
hyperspectral datasets. With dimensions of several
hundred pixels in each of the one spectral and two spatial
dimensions, the hyperspectral data cubes needed for gas
detection run into the hundreds of megabytes. This
volume of data would be difficult to impossible to
downlink on a routine basis given the limited
communications bandwidth typical of today’s CubeSats,
which necessitates performing a substantial amount of
the chemical retrieval processing on board the satellite to
reduce the downlink data volume to manageable levels.

The 1.5U volume constraint for the instrument payload
presents a serious challenge for the optical design of a
high-resolution hyperspectral imager, particularly since
0.5U of this volume is needed for electronics, leaving
only 1U for the actual optical instrument. Since active
cooling of the detector would be impractical within the
severe volume and power constraints, the most tractable
spectral region was judged to be the UV-Visible, with
passive thermal management employed to maintain the
CCD array at a cool enough temperature to keep its dark
current within acceptable bounds. Although not quite as
rich in gas-phase spectral signatures as the mid-wave or
long-wave infrared, the near-ultraviolet to visible region
does contain many strong, highly structured and
distinctive gas spectra, including, most notably, those for
NO2 and SO2, which we chose as our key target gases for
benchmarking the instrument sensitivity goals. These
gases are also particularly relevant to ongoing work at
LANL relating to pollution monitoring,4 greenhouse gas
emission tracking and attribution,5 and volcano
monitoring.6-9 With these missions in mind, we set a goal
of being able to detect NO2 at column densities of a few
1015 molecules/cm2, typical of the outskirts of urban
areas, and SO2 column densities of 1017-1018
molecules/cm2, typical of sub-kilometer scale passive
degassing at recently awakened volcanoes.

The Nano-Satellite Atmospheric Chemistry Hyperspectral Observation System (NACHOS) project was
initiated to address these many challenges and ultimately
build and launch into low earth orbit CubeSat
hyperspectral imagers demonstrating sensitive trace-gas
imaging and rapid onboard processing capabilities.1 The
NACHOS instrument is a pushbroom hyperspectral
imager, i.e., it images a line on the ground, with the
spectrum dispersed across one dimension of its CCD
detector array and the spatial information imaged across
the other, while motion of the satellite sweeps out the
second spatial dimension. The first NACHOS CubeSat
was launched on February 19, 2022 as part of NASA’s
In-Space Validation of Earth Science Technologies
(InVEST) program, traveling to the International Space
Station (ISS) aboard the Northrop Grumman NG-17
Cygnus ISS resupply mission. From the ISS, NACHOS1 will be deployed by the Cygnus vehicle to its final
orbit, higher than the ISS orbit at roughly 485 km altitude
but at the same inclination of 51.6 degrees. The date of
this final deployment is at the discretion of the ISS
program, but is expected sometime in mid-June, 2022.
The second satellite is scheduled to launch on June 29 to
a 500 km altitude, 45-degree inclination orbit. From
these low earth orbits, the NACHOS CubeSats will
provide trace-gas spectral imagery at ~0.4 km spatial
resolution, 1-2 orders of magnitude finer than existing
large-satellite instruments already or soon to be in orbit.
With a swath width of roughly 130 km, the NACHOS
CubeSats will perform targeted observations at this high
spatial resolution, complementing the wide-coverage
measurements of its large-satellite cousins.

To illustrate the spectral resolution and sensitivity
challenges posed in achieving reliable detection of these
target gases, Fig. 1 shows simulated top-of-theatmosphere (TOA) radiance spectra over the 300-500 nm
wavelength range, modeled using the Modtran radiative
transfer code, for two cases: with and without a mixed
gas plume containing 1017 molecules/cm2 of both NO2
and SO2. In the upper frame of Fig. 1, the reflected
spectral radiance is highly structured, largely due to
Fraunhofer lines in the solar spectrum, and the effect of
the gas absorption spectra, even at this high column
density, is very small compared to the variability
background solar spectrum. We also point out the large
dynamic range, with a very strong roll-off in intensity at
the shorter wavelengths relevant to SO2. The lower
frame plots the ratio of the two cases, effectively
displaying the NO2 and SO2 transmission spectra. The
complex line structure of the two gases is evident, with
SO2 having a line spacing of about 2.1 nm, and the
spacing between the more prominent NO2 lines varying
from roughly 2 to 6 nm. To achieve good detection
sensitivity and reliably separate the trace gas spectra

THE NACHOS HYPERSPECTRAL IMAGER
Design Requirements and Constraints
This work was initially inspired by the advent of a new,
highly capable CubeSat system,2,3 developed by the Los
Alamos National Laboratory Agile Space Program,
offering a robust payload hosting capability. This thirdgeneration LANL CubeSat bus is a 1.5U satellite (a ‘U’
being the basic 10x10x10 cm3 building block of the
CubeSat standard, making the LANL CubeSat bus’s
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from the ground, atmospheric, and solar background, the
instrument needs to resolve this line structure, and
therefore should have optical spectral resolution on the
order of 1 nm and spectral sampling on the order of 0.5
nm.

provide both high spatial resolution and frequent revisits
to selected targets of interest. The spatial resolution we
ultimately targeted was determined largely by the
capabilities of the LANL CubeSat bus. At the time the
NACHOS optical design was being finalized, the LANL
CubeSat bus’s pointing accuracy was limited to ±5˚, with
pointing knowledge provided solely by a sun-vector
sensors and magnetometers. Therefore, in order to
ensure that targets will reliably fall within the field of
regard, with comfortable margin, the NACHOS acrosstrack (along-slit) full-angle field of view was set to be 15
degrees. This choice drives the design of the front
objective optic that images the scene onto the
spectrometer slit. The choice of field of view was driven
by rather conservative assumptions, but even so,
NACHOS offers far finer spatial resolution than any
large-satellite earth-observing instrument capable of
NO2 and SO2 imaging currently in orbit or planned for
the near future. With the final NACHOS design
described below, the 15˚ full-angle field of view leads to
a single-pixel field of view of less than 0.4 km from 500
km altitude, and a full across-track swath width of about
130 km. Subsequent improvements to the satellite bus,
most notably the addition of a star-field sensor to the
attitude determination system, is expected to enable even
finer pointing accuracy, which would open up the
possibility of improving the spatial resolution further via
a simple replacement of the current objective lens.
Figure 2 compares the NACHOS single-pixel field of
view with those for current and planned large-satellite
NO2- and SO2-capable imagers, including NASA’s
OMI10,11 and TEMPO,12 and ESA’s GOME213 and
TROPOMI.14

Figure 1: Modeled daytime spectral radiance at top
of atmosphere, with and without a gas plume
containing both NO2 and SO2
Signal-to-noise calculations based on simulated radiance
spectra such as in Fig. 1, coupled with realistic
assumptions about detector quantum efficiency, optical
element transmission and reflectivity values, and limits
on integration time given the available time over the
target, indicate our gas detection sensitivity goals are
close to fundamental physical limits. Therefore, every
aspect of the instrument design must be as optimal as
possible. One of the most obvious optimizations is to
insist the instrument be optically fast, and we set a goal
of f/3 or better. The diffraction grating efficiency should
be as high as possible, which argues for a ruled, blazed
grating instead of the less efficient holographic type.
The detector array must have as high a quantum
efficiency as possible and perform at or near the
fundamental shot-noise limit.
Another major design consideration is the scientific
niche being addressed. Several spectral imagers capable
of mapping NO2, SO2, and other gases in the UV-Visible
spectral region, operating on large- to medium-size
satellite platforms, are already in orbit or scheduled to
launch soon. All these instruments, however, are aimed
at maximal, near-global coverage at relatively coarse
spatial resolution, ranging from a few to tens of
kilometers per pixel. NACHOS is aimed at much finer
spatial resolution observations of targeted sites, with the
ultimate goal of deploying a constellation of CubeSats to
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Figure 2: Single-pixel footprints of space-based
UV/Visible HSI instruments, compared with the
greater Washington, D.C. area
Optical Design
After exploring various strategies for fitting a highresolution imaging spectrometer into a 1U volume, we
settled on an Offner-type15,16 design, as illustrated in Fig.
3. Importantly for our application, Offner spectrometers
can be made optically fast, in the required < f/3 range,
and still maintain high image quality, and a near
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complete absence of geometrical “smile” and “keystone”
distortions. As shown in Fig. 3, light from the scene is
imaged onto the spectrometer slit by an eight-element
objective lens consisting of alternating CaF2 and UVgrade fused SiO2 elements. The eight-element design
provides excellent achromaticity across the spectral
range, and sub-pixel focusing across the field. A
concave spherical primary mirror directs the light to a
convex spherical diffraction grating, and the spectrally
dispersed light from the grating is reimaged onto the
detector array by a convex spherical tertiary mirror. To
optimize the fitting of the spectrometer into the 1U
package, a flat fold mirror, not shown in the optical
diagram in Fig. 3, is included between the tertiary mirror
and the CCD array, so that the CCD faces perpendicular
to the main Offner axis, an orientation that also
simplifies stray light management.
A major advantage of the Offner design is that the
spherical aberrations of concave spherical primary and
tertiary mirrors, and those of the convex spherical
grating, cancel to third order, enabling nearly diffractionlimited imaging with negligible geometric distortions
over a wide field. In the original, non-spectroscopic
Offner 1:1 imager, this aberration canceling is achieved
with the concave primary and tertiary mirrors having the
same radius of curvature, and with the convex
secondary’s radius of curvature is exactly half that value.
Replacing the secondary mirror with a grating breaks the
symmetry, and a small adjustment to the relative radii is
then required to restore the aberration cancellation. The
somewhat different radii of the primary and tertiary can
be seen in Fig. 3. While it is possible to ameliorate the
remaining aberrations by making some or all the
reflective surfaces aspherical, we opted for the classic
Offner design with all spherical surfaces for ease of
manufacture and alignment. Since our detector array has
13µm pixels, far larger than the diffraction limit at these
wavelengths and focal ratio, there is little to be gained by
pushing for full diffraction-limited performance.
The diffraction grating is a ruled, blazed grating, custommade for this project by Bach Research (Boulder,
Colorado USA). A ruled, rather than holo-graphic,
grating was chosen because ruled gratings offer much
higher diffraction efficiencies, often exceeding 60
percent at the design peak wavelength; an important
consideration given our challenging sensitivity goals.
Our gratings are made by a replication process, with a
master grating first produced by mechanical ruling, from
which copies are then replicated onto a coating applied
to a pre-fabricated substrate. This allows for a wide
choice of grating substrate materials, aluminum in this
case, and it also allows mounting and alignment
registration features to be machined directly into the
substrate prior to applying the final replicated optical
surface.
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Figure 3: Optical Layout and Initial Assembly
This is also extremely cost-effective, since the
painstaking and expensive mechanical ruling of the
master need only be executed once, after which virtually
unlimited replicas can be made at relatively little
additional expense, to supply the NACHOS CubeSat
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constellation ultimately envisioned.
To optimize
sensitivity in the dim but crucial 300-310 nm region, and
somewhat compress the problematic large dynamic
range across the spectrum (Fig. 1), the grating blaze was
chosen to optimize diffraction efficiency at 300 nm.
Anti-reflection coatings on the objective lens elements
and mirror coatings were similarly designed to optimize
efficiency at the shorter wavelengths at the expense of
the much brighter longer-wavelength part of the spectral
range.

additional spectral channels in the deeper ultraviolet will
be available, however, should we wish to attempt
additional types of observation (e.g. limb sounding).
At room temperature and higher, this CCD has relatively
high dark current, making management of temperature
an important consideration. The CCD dark current is
approximately 2x104 e–/pixel/sec at 20˚C, falling off to
roughly 4x103 e–/pixel/sec at 0˚C, ~1x103e–/pixel/sec at
-10˚C, and ~4x102e–/pixel/sec at -20˚C. Over most of
our spectral range, from roughly 330nm to 500nm (refer
to Fig. 1), the dark current even at 20˚C is not a
significant factor in the achievable signal-to-noise, with
the number of dark-current electrons collected in a
typical ~10-100 ms integration time at this temperature
calculated to be roughly two orders of magnitude less
than the number of signal photo-electrons from a typical
scene collected in the same integration time. However,
at the shorter wavelengths from ~300-330 nm, which are
crucial for SO2 detection, the much lower spectral
radiance makes CCD dark current a much bigger
determinant of SNR. At 310nm, the dark current at 20˚C
is roughly equal to the scene photo-electron current,
which would result in a Ö2 degradation of the achievable
SNR at that wavelength. For this reason, the thermal
management strategy, as discussed later in the text, aims
to maintain the CCD temperature at 0˚C or colder, at
which point dark current becomes insignificant
compared to scene photo shot noise, even at the shortest
wavelengths of interest.

The NACHOS spectrometer design shown in Fig. 3 takes
advantage of a variant of the 3U CubeSat form factor,
which is allowed under the standards of CubeSat launch
systems. In this “3U+” standard, the satellite is allowed
an additional cylindrical protrusion at one end, roughly
the size of a tuna can, as it is commonly named. The
additional volume allowed us to move the objective lens
forward, protruding beyond the rectangular package,
thus increasing the volume for the reflective
spectrometer. It also allows for the “tuna can” itself to
be incorporated as a protective and thermally stabilizing
shroud for the protruding objective lens. This shroud is
equipped with a UV-silica widow to protect the coated
front surface of the objective from erosion by atomic
oxygen (AO) in the low-earth-orbit environment; the
outer surface of this window is uncoated for maximal
AO resistance, while its inner surface is anti-reflection
coated.
CCD Sensor
The detector array chosen for NACHOS is a UVoptimized, back-illuminated version of the extensively
space-validated Teledyne/e2v CCD47-20 CCD array.
This CCD has an integral full-frame readout buffer that
supports high frame readout rates and has quantum
efficiency greater than 70% over the entire 300-500nm
spectral range of interest. For the brightest anticipated
scenes and f/2.9 optics, nearly full-well capacity (100ke/pixel, shot noise limited SNR~300) can be reached
through most of the spectrum at this frame rate. Slower
spacecraft slew rate and longer integration can be used
for dimmer scenes. This array has 1024x1024 pixels,
with a pixel pitch of 13µm and is somewhat oversized
for our purposes, but was the best available option
offering the needed UV sensitivity and readout speed; in
practice, only a 350x400-pixel area (spatial x spectral) is
actually used, the spatial dimension limited by the
spectrometer slit, and the spectral dimension
intentionally restricted by a mask over the CCD. The
optical spectral range defined by this mask is
approximately 250-500 nm. In practice, given the
available solar illumination, atmospheric attenuation,
and spectral throughput of the optics, the actual useful
spectral range on-orbit is anticipated to be 290-500 nm,
this range being covered by about 370 pixels. The
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Taken all together, optics and sensor array, the final
NACHOS instrument has 0.57 nm spectral sampling,
and optical spectral resolution (instrument spectral
linewidth, FWHM) of 1.3 nm. The spectral performance
of NACHOS is thus quite comparable to the Ozone
Monitoring Instrument (OMI)10,11 aboard NASA’s Aura
satellite, but in a far smaller package (65 kg for the just
the OMI instrument package, versus ~6 kg for the entire
NACHOS CubeSat). Table 1 summarizes the NACHOS
hyperspectral imager’s design and performance
specifications.
Onboard Calibration System
All detector arrays exhibit pixel-to-pixel nonuniformities in background dark current (signal electrons
produced even when no light impinges on the detector)
and in responsivity (photoelectrons produced per photon
received), and the NACHOS CCD is no exception.
Because the hyperspectral imager disperses pixel-topixel variations in dark level or responsivity will appear
as apparent noise in the spectra recorded, imperative that
these non-uniformities be calibrated out.
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Table 1: NACHOS Hyperspectral Imager
Specifications
Spectrometer design

Offner push-broom hyperspectral
imager

Effective f-number

f/2.9

Diffraction grating

Replicated, convex spherical, ruled,
blazed. Custom fabricated by Bach
Research

Slit dimensions

13 µm x 4.8 mm

Spectral range

290-500 nm

Spectral sampling
interval

0.57 nm

Number of spectral
channels

370 (290-500 nm useful range;
additional deeper-UV channels
available)

Spectral resolution,
optical

1.3 nm (instrument lineshape FWHM)

Objective lens

8 elements, f/2.3, UV-grade SiO2 and
CaF2

Across-track field of
view

15˚ full-angle; 130 km @ 500 km range

Single-pixel field of
view

0.75 mrad; 375 m @ 500 km range

Number of acrosstrack spatial pixels

350

CCD Array

Teledyne/e2v CCD47-20, backilluminated, UV-optimized

CCD pixel size

13 µm x 13 µm

CCD well capacity

~100 ke–

however, the mechanical reliability of this rotor system
to be poor, and opted instead for a no-moving-parts
LED-based strategy. This strategy uses four lightemitting diodes (LED’s) placed inside the spectrometer,
incorporated into the stray-light baffle assembly
immediately in front of the CCD array, to provide the
uniform illumination, as illustrated in Fig. 4. Calibration
proceeds by first turning the satellite toward deep space,
collecting the dark-frame NUC data, and then turning on
the LEDs and collecting the bright-frame NUC data. The
lower frame of Fig. 4 shows the measured uniformity of
the LED illumination at the CCD, calibrated against a
highly uniform external light source. Large- and
medium-scale non-uniformities are less than 1% over
most of the field, with a smooth roll-off of about 2% in
the corners.
Fine-scale pixel-to-pixel brightness
variations are less than 0.1% rms, providing an excellent
ultimate fixed-pattern noise floor.

Because both dark current and responsivity vary with
temperature, and do so somewhat differently for each
pixel, and furthermore change over time, calibrating the
instrument on the ground and expecting that calibration
to hold over the course of a space mission will not
suffice. It is necessary to have a means for performing
this non-uniformity calibration (NUC) on board the
satellite, and to perform it frequently during the mission,
preferably before and after every target data collection.
In general, two pieces of data are required to perform a
basic linear NUC. First, a dark data set is collected, with
no light impinging on the detector; this yields the dark
current for every pixel. Next, the instrument is exposed
to a spatially uniform illumination, yielding the pixel
responsivity information. While very simple in principle,
providing this capability within the tiny constraints of a
CubeSat is a substantial challenge. We initially
considered using mechanical rotor placed in front of the
objective lens, with one rotor position being opaque,
acting as a shutter for obtaining the dark-frame data, and
the opposite position containing a diffuser which, when
the instrument is oriented toward the sun, would provide
the uniform bright-frame data. All other orientations of
the rotor are open, for normal data collection. We found,
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Figure 4: LED non-uniformity calibration assembly
and its measured illumination uniformity
The Integrated 3U+ Satellite
The NACHOS hyperspectral imager will fly as a hosted
payload on LANL’s third-generation CubeSat bus. The
1.5U LANL third-generation CubeSat Bus is an
integrated satellite with three-axis attitude control, highgain S-band helical antenna for access via ground
station,17 a low-resolution context camera, a softwaredefined radio (SDR) for ground-station communications,
and a power subsystem including batteries and solar
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panels. The bus2 is specifically designed for use with
1.5U payloads such as NACHOS, and provides a
standardized payload interface. The host bus electronics
comprise four digital boards: the Command & Data
Handler, Attitude Determination and Control System
(ADCS),3 and two digital radios. Each of these shares a
common digital architecture based on the Cortex-M4
microcontroller, flash-based FPGA, memory and NAND
Flash for persistent storage. The Payload Interposer
serves as the payload interface, providing the payload
power, control, data handling, and on-board storage. It
allows the payload to be fully powered off by the host
unless payload operations are required, maximizing the
mission operation within the finite CubeSat available
power. Each digital board supports a code-banking
scheme for on-orbit updates of the flight software and
SDR (FPGA bit-stream). This capability will also enable
on-orbit updates of NACHOS payload software,
including redefinition of target gases slated for retrieval.
The complete integrated host/payload satellite is shown
in Fig. 5.

temperatures encountered in orbit. Mechanical rigidity
and athermal behavior are particularly important for a
highly miniaturized optical instrument, where small
position deviations can result in significant degradation
of optical performance. Various options were explored
for design and materials for the housing, optics mounts,
and optical elements, and their mechanical, thermal, and
optical behavior modeled in detail. In the final design,
all parts of the reflective Offner spectrometer – mirror
substrates, grating substrate, optical bench, and the entire
optical package housing – are made of aluminum, so that
all parts expand and contract with temperature equally
and the spectrometer’s focus does not change with
temperature. For the objective lens, the refractive
indices of the lens materials change with temperature, as
well as their dimensions. Left uncorrected, these thermal
effects would result in a factor of 2-3 loss in spatial
resolution for a 20˚C deviation in the objective
temperature from its design temperature. To address this
and achieve near-athermal performance, a two-material
mounting scheme was designed so that differential
expansion compensates for the optical property changes,
changing the distance between the lens and the slit in a
manner matching the temperature-varying focal length.
With this scheme, the lens remains in focus over a much
wider temperature range than is anticipated to be
encountered during on-orbit operations. Kinematic
registration features and precision alignment pins are
included throughout the optics bench and housing, with
the design evolving through several iterations as
informed by vibration testing.
Early designs
incorporated extensive optics adjustment features, which
were found to be too sensitive to launch vibration. In the
final design, the only optical adjustments are tip/tilt and
z-translation focus of the tertiary, accomplished with
three adjustment screws on the tertiary mount which also
have robust lock-down features, and focus adjustment of
the slit relative to the primary and of the objective
relative to the slit.
As discussed earlier, it is crucial to maintain the CCD
temperature below 20˚C, and preferably in the < 0˚C
range, to keep dark current and its associated noise
within acceptable bounds. At the same time, the CubeSat
host bus has a different set of thermal requirements, in
particular ensuring that the support electronics and
batteries do not get too cold. Size and power constraints
preclude active heating and cooling so this must be
accomplished passively.
We performed extensive thermal modeling to arrive at a
combination of satellite surface materials whose
reflectivity/emissivity properties provided the proper
radiative balance to keep the various parts of the satellite
in their correct temperature ranges throughout the orbit.
By tailoring the solar reflectivity and thermal IR
emissivity properties of the satellite surface materials,

Figure 5: The integrated NACHOS 3U+ CubeSat
Thermal and Mechanical Considerations
A satellite instrument must survive the stresses of launch
and maintain its performance over the wide range of
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key components can be kept in their desired temperature
ranges by balancing passive radiation, as shown in Figs.
6 and 7. Shown at upper left are the two key surface
treatments for the NACHOS CubeSat payload and host
bus segments. Second-surface mirror tape (gray) has
high solar reflectivity, but the plastic covering the mirror
layer is opaque and high-emissivity in the thermal IR,
thus tending to keep the payload cool, while first-surface
mirror tape (gold) has high reflectivity and low
emissivity throughout the spectrum, and tends to keep
those sections warm. A snapshot from the thermal
model, showing the temperature distribution throughout
the satellite at one point in time, is shown at upper right.
The graph shows results of a typical simulation run
covering five orbits. Note that the CCD temperature
stays between -10˚C and 0˚C throughout the orbits,
excellent for minimizing CCD dark current and noise.
The objective lens varies from -5˚C to +5˚C, an
acceptably small range, while the battery remains safely
warm in the +10˚C to +20˚C range. Second-surface
mirror tape (high solar reflectivity and high IR
emissivity) is used on the payload section to keep the
CCD cool, and first-surface mirror tape (high
reflectivity/low emissivity throughout the spectrum) is
used on the host bus to prevent it, especially its batteries,
from getting too cold.

Figure 7: The nearly flight-ready NACHOS
CubeSat during outdoor functionality tests, showing
thermal-management surface treatments.
ONBOARD HYPERSPECTRAL PROCESSING
The detection of weak plumes in cluttered imagery is
already a challenge (one that has inspired decades of
algorithm development), but we have two further
constraints: limited bandwidth prevents the downlinking
of full 3D datacubes, and limited onboard computational
power prevents full data analysis on the satellite. Clearly,
a full physics-based atmospheric propagation retrieval
would be far too computationally expensive for the
CubeSat’s limited computing resources. Thus, we
require an onboard algorithm that (1) computes
intermediate summary statistics, compact enough to be
readily downlinked to the ground, but informative
enough to enable reliable ground-based analysis of the
scenes that are being imaged, and (2) can perform the
computation within the processing power constraints of
the CubeSat architecture.
The approach that we developed18,19 to achieve both
these aims is to produce (with on-board processing) a set
of 2D grayscale images (up to ten, at most) using the
covariance-matrix-based adaptive matched filter (AMF)
approach, along with a small sample (up to a thousand or
so) of unprocessed full-spectrum pixels, all of which can
be fit into a single-pass downlink. These 2D images will
be matched filter outputs for each target gas of interest,
and a Mahalanobis distance (MD) image. The sample
full-spectrum pixels will include random background
pixels, in addition to pixels corresponding to high
matched filter values and high Mahalanobis distance
values. The individual gas AMF images and the MD
image can be utilized together in ground processing to
implement more sophisticated gas detection algorithms

Figure 6: Thermal management strategy and
modeled temperatures for the NACHOS satellite.

Love

8

36th Annual Small Satellite Conference

to achieve even higher gas detection sensitivity than the
straightforward AMF.
Our CubeSat bus will have an approximately 30MB
single-pass downlink capability. For a nominal
hyperspectral data cube comprising 2000 (along-track) x
350 (across-track) pixels, each with 350 spectral
channels, a full downlink of 16-bit data would require 15
passes to transmit. By reducing the downlink to a few 2D
grayscale images and as sample of full-spectrum pixels,
we will be able to analyze data from a scene based on the
transmission from a single pass.
While our AMF-based approach is computationally far
less demanding than a full physics-based radiative
transfer retrieval, it is still challenging for the small
processor on board our CubeSat. Processing the 2000 x
350 spatial pixel data cube considered above takes
roughly four hours on the CubeSat processor if the full
AMF and MD algorithms are performed in the standard
manner without any approximations. As we described
in detail in an earlier paper,18 this unacceptably long
processing time can be drastically reduced, with
negligible loss of gas detection sensitivity or increase in
false detection rate, by applying judicious approximations to streamline the calculation. The first of these
is very straightforward, and that is to approximate the
full covariance matrix using a small subset of the total
spatial pixels. In tests using real-world OMI data, we
find that a subset representing less than one percent of
the total pixels still provides a covariance matrix of
sufficient fidelity to enable accurate gas retrievals. The
second streamlining approximation deals with the
calculation of the Mahalanobis distance, and is
accomplished via the sparse matrix transformation and
Givens rotations, as detailed in [18]. With these
streamlining approxima-tions, processing time for this
large data cube is reduced from four hours to under nine
minutes, with the resulting gas-retrieval maps virtually
indistinguishable from the full AMF/MD calculation.1,18

Figure 8: NACHOS spectra of (a) Hg emission
lamp, demonstrating ~1.3 nm spectral resolution,
and (b) SO2 and NO2 gas cells. Reference spectra
included for comparison.
Despite a slight discrepancy in overall magnitude at short
wavelengths (~300 nm), arising from the gas cell
transmission cutoff, the spectral features of these
experimental measurements are in close agreement with
the reference spectra, confirming our ability to
distinguish the closely spaced absorptions lines of these
two target gases; a capability greatly beneficial to
retrieval sensitivity. We emphasize that numerous
additional chemicals, relevant to climate change and
Earth science also have spectral features in this region,
including O3, CH2O, BrO, IO, OClO, and black carbon.
Geometric Distortion
A common problem in hyperspectral imagers is
geometric distortion of the spectral image (e.g. keystone,
smile, spherical) arising from optical aberrations. In the
case of the Offner spectrometer, the spherical aberrations
are corrected to third-order, and geometric distortions,
which otherwise would require correction prior to
implementing the on-board matched filtered processing,
are virtually non-existent. To demonstrate the image
quality and lack of geometric distortion, we present a
single CCD frame spectral/spatial image in Fig 9a, where
the scene was generated by diffusely illuminating the slit
with a Hg-lamp, and the vertical lines are images of the
slit at different Hg spectral lines. A keystone distortion
would manifest as a tilting of the slit edge (bottom of
image), while smile distortions would appear as a
curvature in the vertical Hg lines, neither of which is
apparent in this image. For instance, cuts at different
spatial positions along the spectral direction of Fig 9a
(spatial location indicated by colored arrows) are
presented in Fig. 9b, showing that the peak alignment
and focus remains constant across the image, affirming

PERFORMANCE ASSESSMENT
Spectral Resolution
To assess the spectral range and resolution of NACHOS,
we imaged an Hg calibration lamp with known spectral
lines in the UV/Vis region, where the calibrated spectra
is shown in Fig. 8a, along with the known positions of
the Hg lines indicated in gray.34,35 The full-width at halfmaximum (FWHM) of the isolated Hg spectral line at
296.73 nm, highlighted in the inset, demonstrates the
instrument resolution to be ~1.3 nm. Gas spectra
measured with NACHOS, using gas cells containing SO2
(blue) and NO2 (green), are shown in Fig. 8b. Reference
spectra, with spectral resolution downgraded to match
NACHOS, are also shown in Fig. 8b for comparison.
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the high optical quality of this instrument and the
absence of measurable keystone or smile distortion. The
lack of geometric distortion in the other dimension can
be seen in Fig. 10b, in which the horizontal bands of the
spectrally dispersed bar target image are similarly
straight and parallel across the entire spectrum.

ENVIRONMENTAL TESTING
To assess the ability of NACHOS to withstand the
environmental rigors of launch and orbit, we subjected
the device to a series of thermal and vibrational tests, in
accordance with the NASA standards, while imaging a
spatially varying scene illuminated by an Hg-lamp (a
setup pictured in Fig. 10a), thereby allowing us to
monitor the spectral and spatial performance. A typical
NACHOS spectral image of this scene is shown in Fig.
10b, where the horizontal and vertical axes correspond
to the spectral and spatial directions, respectively. Cuts
along the spatial direction are shown in Fig. 10c while
the cuts in the spectral direction are shown in Fig. 10d.
For the chosen distance between NACHOS and the
target scene (4.1 m), the small vertical bars in the target
scene represent a viewing angle of 0.75 mrad,
corresponding to a spatial distance of 0.4 km from the
anticipated low-Earth orbit of 500 km, and
approximately at the pixel Nyquist limit.
Thermal Vacuum Testing
During thermal testing, we imaged the scene across a
series of temperatures from –15˚C to +25˚C, reflecting
the range over which NACHOS will collect data during
on-orbit operations. At +25˚C, cuts along the spatial
direction (Fig 10c) show oscillatory behavior at three
different frequencies, corresponding to the three
different line spacings in the scene. The demonstrated
ability to resolve the finest line structure, approximately
the pixel Nyquist limit, attests to NACHOS’s high
spatial resolution, and the promise of ~0.4 km resolution
from the CubeSat device. Upon cooling, the oscillatory
behavior persists, but appears somewhat less prominent
for the highest frequency lines at the lowest
temperatures, possibly arising from a slight thermal
contraction of the lens assembly that is imperfectly
corrected by our bi-material compensation scheme.4. We
also registered a slight drop in overall intensity,
attributed to the change in quantum efficiency of the
CCD detector. Cuts through the acquired images along
the spectral direction are presented in Fig. 5d, where the
x-axis is left uncalibrated so that changes in spectral
position could be observed. The broad peak near pixel 50
is due to the fluorescent lights, while the subsequent
peaks at 127, 177 and 240 correspond to the 434.8, 404.7
and 365 nm Hg lines, with higher energy emission lines
blocked by the thermal vacuum chamber’s viewing
window. Remarkably, across this range of temperatures,
the position of the peaks varied by less than one pixel
(13.6 µm). Key to this highly athermal performance is
the single-material design of the reflective spectrometer
mentioned previously, in which both the frame and
optical elements are all made of aluminum, and changes
in path length due to thermal contraction/expansion of
the frame are compensated by corresponding changes in
the optical elements.

Figure 9: NACHOS Geometric distortion test. (a)
NACHOS spatial/spectral CCD frame of Hg lamp
spectrum, showing straight and parallel spectral
lines. (b) Single-row spectra extracted from the
upper image as indicated by arrows, showing
essentially perfect overlap of the spectra.
Spatial Resolution
Assessment of spatial resolution in the laboratory was
achieved by placing a target scene, consisting of
alternating bright and dark bars of different widths, at
13’6” from NACHOS (See Fig. 10a) where the small,
medium and large bars have angular widths of 0.75
mRad, 1.5 mRad, and 3 mRad, respectively. Our ability
to discern even the small line attests to the high spatial
resolution, and our ability to achieve the anticipated 0.4
km resolution. Since the instrument was designed to
have optimal performance when focused at infinity, even
better spatial resolution is demonstrated in the outdoor
scene (Fig. 12) where we focused the objective using a
distant lamppost on the right side of the image (indicated
by white arrow) as the target. In the inset we show a cut
along the spatial direction of the hyperspectral image
through the lamppost (at wavelength 485 nm),
demonstrating an optics-determined spatial resolution
(FWHM of the instrument point-spread function) of 1.66
pixels, or roughly 1.2 mrad.
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grating. The dramatic improvement due to these changes
is evident when we compare the results of recent
vibration tests (Fig. 11a,b) to earlier measurements (Fig
11c,d), where the spatial alignment shifted by 4 pixels
(Fig. 11c), and the overall signal intensity dropped by
nearly 30%.

Figure 10: (a) Setup used for assessing performance
during environmental tests: Spatial resolution bar
target illuminated with the distinct Hg emission
lines. (b) Typical CCD frame acquired by NACHOS
when looking at the scene in (a). At bottom are
shown single-row cuts along the spatial (c) and
spectral (d) directions as a function of temperature.

Figure 11: Vibration test results for the final (a,b)
and prototype (c,d) opto-mechanical configurations.
Shown are pre- and post-vibration spatial (left) and
spectral (right) single-row cuts as in Fig. 10.

Vibration Testing
We also subjected the instrument to the NASA general
environmental standards (GEVs) vibration test along all
three axes with the payload attached to mass mockup of
the host, all while inside a deployment pod, to determine
if the optical performance would be maintained during
realistic launch conditions. Using the same methodology
described for thermal testing, baseline images were
acquired, with cuts along the spatial and spectral
direction indicated by the black lines in Fig. 11a and 11b,
respectively, while cuts taken after completing the full
sequence of vibrations are shown in red. Spatially, the
alignment remained nearly identical, with the
modulation associated with the scene shifting by ~1 pixel
across the field of view. Likewise, the spectral position
of the Hg emission lines on the CCD detector remained
relatively constant (shifting by ~4 pixels), while, most
importantly, the overall quality of the lineshape (FWHM
~ 2.2 pixels) was unaffected during testing. To achieve
this level of mechanical performance, we incorporated
dowel pins into the NACHOS housing, thereby
increasing the frequency of resonant vibrations, used
high strength bolts to enable higher torque values, and
implemented a fixed optical mount for the diffraction

Love

OUTDOOR TESTING
Initial local tests at LANL
After assembling and characterizing the instrument in a
laboratory environment, we acquired a hyperspectral
image of a realistic outdoor scene, presented as the false
color image shown in Fig. 12a where the RGB color
scale was derived from the signal at 480, 377 and 318
nm. After focusing the objective at a distant target, the
high NACHOS spatial resolution is evident, especially
when looking at the sub-pixel width vertical lamp posts
indicated by the white line. Spectra from individual
pixels (indicated by colored dots in Fig. 12a) are shown
by the correspondingly colored lines in Fig. 12b.
Consistently, the measured atmospheric spectra (red)
captures the solar Fraunhofer lines, several of which are
labeled in the figure, and is in close agreement with
simulations generated using Modtran at the same 1.3 nm
resolution.
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grayscale image, similar to the visual appearance of the
plume. The visible plume here is the condensed waterdroplet cloud. The lower image shows the result of
Adaptive Matched Filter (AMF) processing, tailored to
detect NO2, from the same hyperspectral data cube as
used for the upper image. The detected NO2 plume
extends far beyond the visible water droplet plume and
shows complex turbulent structure. Also visible along
the horizon is a very prominent NO2 detection
corresponding to the regional accumulation of NO2 due

Figure 12: NACHOS outdoor hyperspectral image
of the LANL campus. (a) False-color image using
three of the NACHOS spectral bands. Inset shows
spatial cut across an unresolved distant streetlamp
post, showing the spatial point-spread function.
(b) Spectra from selected pixels indicated in (a), with
solar Fraunhofer lines noted.
Hyperspectral Imaging of a Coal-Fired Power Plant
To test the gas-imaging capabilities of NACHOS in realworld conditions, we deployed a NACHOS engineering
unit to a local coal-fired power plant, the Four Corners
Power Plant near Farmington, New Mexico. Figure 13
shows a NACHOS image taken in December 2021 from
a site roughly 2 km north of the Four Corners plant. The
upper image shows a single-wavelength (473 nm)

Love

Figure 13. NACHOS Images of the 4-Corners
Power Plant plume. Top: Single-wavelength image
from the NACHOS 473 nm band. Bottom: NO2
matched-filter image produced using the AMF
algorithm; high NO2 amounts appear as dark blue.
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to local topography and meteorological conditions, i.e.
part of the regional smog caused by the power plants and
the nearby city.

measurements will complement the on-orbit data,
providing quantitative calibration, and potentially threedimensional plume reconstruction to uncover never
before measured details of gas plume chemical evolution
and propagation.

PATH FORWARD AND SCIENCE OBJECTIVES
With two NACHOS satellites in orbit concurrently, it
will also be possible to test rudimentary constellation
operations. The high spatial resolution and frequent
revisit times of a NACHOS constellation would enable a
host of new atmospheric chemistry observation
capabilities, including tracking and attribution of fossilfuel greenhouse gas emissions at the individual power
plant scale, using NO2 and SO2 as readily detected
tracers,5 and characterizing pollution transport and
chemistry at sub-kilometer resolution and sub-daily
timescales to advance air-quality forecasts and resolve
currently unexplained discrepancies between satellite
retrievals and bottom-up inventories in urban areas.4,21,22
In the field of space-based volcanology, the <0.4 km
spatial resolution of NACHOS will open up groundbreaking possibilities such as: monitoring shifting
activity among multiple vents, thus elucidating a
volcano’s shallow plumbing;23 discovering newly active
vents on the flanks of large volcanoes,24 important both
scientifically and for public safety; and detecting and
monitoring early-stage degassing at pre-eruptive
volcanoes, emissions that offer an important early
warning, but are far too small to be detected by current
satellites. While SO2 remains the primary focus of
volcanic gas remote sensing in the ultraviolet, recent
work with ground-based UV spectrometers has revealed
that halogen oxides such as BrO, ClO, OClO, and IO are
abundant in many volcanic plumes,25-27 and space-based
detection of these species has also been demonstrated for
large eruption plumes.28-30 Believed to derive from the
primary volcanic halide gases HCl, HBr, and HI via
chemical reaction with the atmosphere, their chemistry
is poorly understood. The spectral range and resolution
of NACHOS is ideally suited for detecting these gases27
and we expect to observe them at subduction-zone
volcanoes where halides are typically present. These
reactive halides play significant but poorly understood
roles in atmospheric chemistry, and NACHOS’s spatial
resolution should enable space-based monitoring of
these species during passive degassing, not just during
large eruptions as is currently the case. Other important
potential missions include aerosol characterization, in
particular distinguishing solar-absorptive black carbon
aerosols31-33 from scattering aerosols, and tracking H2CO
and black carbon emissions from wildfires.
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